The traditional design approach of feedforward control systems involves the selection of number and location of the actuators and sensors based on some physical understanding of the system. This empirical methodology yields satisfactory results for simple structures and sinusoidal inputs. However, such a heuristic approach can easily result in an inefficient control system with an unnecessarily large number of control channels for complex structures and more realistic disturbances. In this work an efficient formulation is presented for the design of actuators and sensors for structurally radiated sound reduction. The technique is based on the modification of the eigenstructure such that the system responds with the weakest set of modal radiators. The technique is applicable to both narrow-band and broadband excitations. The formulation is demonstrated for controlling the odd-odd modes of a simply supported plate driven by a point force located at the center of the plate. The radiation due to the first three odd-odd modes is reduced with a single-input, single-output (SISO) controller. The control actuator and error sensor are implemented with piezoelectric (PZT) ceramics and polyvinylidene fluoride (PVDF) films, respectively. It is shown that the design approach yields excellent global sound reduction.
INTRODUCTION
Sound radiated by vibrating structures is a persistent problem in numerous industrial applications, and it has long been a subject of research interest in the acoustic community. The common practice of using passive techniques often results in heavy systems that are inefficient at low frequencies. In recent years, considerable effort has been devoted to active control techniques to reduce low-frequency structurally radiated sound. The understanding of the physics of the problem has yielded efficient control strategies. One such approach has been proposed by Fuller I in which the control inputs are applied directly to the vibrating structure while minimizing radiated sound or related variable. This technique, known as active structural acoustic control (ASAC), has been implemented using both feedback and feedforward control approaches. 2-6 The control approach to be implemented mostly depends on the nature of the disturbance input, i.e., steady-state sinusoid, random, or transient. For applications in which the noise field is due to persistent inputs, the potential of the ASAC technique in conjunction with adaptive feedforward control approaches has been clearly demonstrated. 4-6
The design of feedforward control systems involves the selection of the type, number, location, and size of the actuators and of the error sensors whose outputs are sought to be minimized. The traditional design approach in feedforward control is to select actuators and sensors based on some physical understanding of the behavior of the uncontrolled system. In general, this empirical methodology yields satisfactory results for ASAC when the error transducers are microphones placed in the acoustic field that directly observe the quantity to be minimized and when the excitation is a single sinusoid. However, this heuristic approach can easily result in an inefficient control system with an unnecessarily large number of control channels even in simple systems and is exacerbated when structural sensors are used. Wang et al. ?
investigated the optimum location of actuators to minimize radiation from panels with microphones used as error transducers. It is demonstrated in this work that for singlefrequency excitation, both on and off resonance, the optimally located actuators achieved a far better global reduction of sound than actuators whose position are chosen only upon some physical considerations.
As a result of rapid advances in specialized actuator and sensor materials, today research thrust is toward developing smart or adaptive systems with actuators and sensors being an integral part of the structure. 8 The typical transducer to be embedded in a structure will be distributed in nature. In particular, induced strain piezoelectric (PZT) ceramics 9'1ø and shape memory alloys TM as actuators, and polyvinylidene fluoride (PVDF) films •2'•3 and fiber optics TM as sensors have shown potential for ASAC applications. The design of control systems of structures with integrated transducers will be even more critical since these error sensors will not directly measure acoustic pressure which is the quantity to be reduced and not all structural motion is well coupled to the radiation field. Clark et al.
•5 extended the work of Wang ? to optimize the location of piezoelectric actuators and both the location and size of PVDF strain sensors on a simply supported plate excited harmonically. Analytical and experimental results showed that a simple single optimally located PZT actuator/PVDF sensor pair rivaled the sound reduction achieved with three arbitrarily located PZT actuators and three error microphones. onstrate that optimally located actuators and sensors can have a profound impact on the performance of the active control system. Even more important is the fact that significant levels of attenuation can be obtained with far less numbers of properly located transducers, thus reducing the dimensionality and complexity of the controller. Unfortunately, these direct optimization techniques require the evaluation of t•e radiated pressure at each step of the minimization process. The acoustic prediction that will certainly be carried out numerically for real structures is a computationally intensive analysis. Thus, these design optimization techniques cannot be realistically implemented to complex structures and disturbances in the present form because of computational time aspects.
In this paper, a new efficient design formulation for feedforward ASAC systems is proposed. The actuators and sensors are designed such that the controlled structure will respond with a set of poor radiating modes. To this end, the formulation takes advantage of recent work that demon- 
I. SYSTEM RESPONSE
The structure is assumed linear and subjected to a stationary disturbance input. Thus the analysis is carried out in the frequency domain by simply taking the Fourier transform of any time-dependent variable. For the sake of clarity, the formulation will be presented for a planar radiator and a single-input, single-output (SISO) control system. However, there is no loss of generality in the design methodology proposed here. A typical SISO feedforward-control arrangement is shown in Fig. 1 . In feedforward control the undesirable response of a system due to the "primary" disturbance input is reduced by applying a "secondary" control input. The control input is obtained by feeding a reference signal into the compensator, G(60). The compensator is designed such that the output from an error sensor is minimized. In feedforward-control approaches, the reference signal should be "coherent" to the disturbance input signal, and it is assumed here that it is directly obtained by tapping the disturbance input.
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where so,, is the nth modal error component which is a function of the characteristics of the error transducer, i.e., discrete or distributed.
The modal error components Sen and the unit modal control forces u,, are a measure of the relative observability and controllability of the modes by the error sensor and control actuator, respectively. By minimizing the cost function with respect to the control input, it can be shown that the spec- 
where G(w) is the compensator that relates the control input u(w) to the disturbance input F(w). For a nonminimum phase control system the optimum compensator G(w) is not implementable for broadband disturbances. For single and multiple frequency disturbances, the optimum compensator is always realizable. As discussed later, the design approach presented here will yield a control-error path that is minimum phase and thus the design formulation is applicable to any type of input. The controlled response can now be computed by solving Eq. (5) for the control input U(w) and replacing it into Eq. (2) and this into Eq. (1). The uncontrolled response can be computed by simply setting U(w) to zero in Eq. (2). In this SISO control configuration, the error output is theoretically driven to zero by the control input at all frequencies.
B. Acoustic response
The far-field pressure radiated by a harmonically vibrating planar structure can be computed from the structural response by using the Raleigh integral 2ø as follows: is the radiated pressure distribution given by the nth mode with surface velocity iW•n(X,y ). The controlled acoustic sound field can be computed by replacing Eq. (2) into (7). It should be noted that typically the computation of the radiated pressure for a complex structure will be performed numerically by finite/boundary element codes. 2• This analysis is a computationally intensive process, and therefore any efficient controller design approach should minimize the number of acoustic evaluations. The following work is directed toward achieving this goal.
II. CONTROLLED SYSTEM EIGENPROPERTIES
The previous analysis provides the tools to compute the controlled structural and acoustic responses. However, it does not give any insight into the control mechanisms. Since the design approach proposed here is founded on the understanding of these mechanisms, the main aspects of the dynamic behavior of feedforward-controlled structures will be described in the sequel, while a full detailed description can 
III. DESIGN APPROACH
The main goal in ASAC is for the control system to render a controlled response that poorly couples with the acoustic medium, thus resulting in minimum radiated sound power. This objective can be accomplished if two conditions are met.
(i) The resonant frequencies of the controlled structure must lay away from the dominant part of the disturbance input spectrum. In other words, the controlled system resonances should be detuned from the excitation input.
(ii) More important, the controlled or residual structural response should be a linear contribution of weak radiating modes.
As mentioned in the previous section, the controlled system has new resonant frequencies and associated eigenfunctions that are only a function of the selected actuator and sensor. Thus, this concept can be merged with the above conditions to yield an efficient design approach. The design formulation proposed here can be stated as to find the optimum actuator and sensor configuration that yields a controlled structure with eigenproperties that satisfied the above two conditions. The first step in the proposed design formulation is to find the desired set of controlled system eigenfunctions with which the controlled structure should respond. The sought eigenfunctions should be weak modal radiator and this can be mathematically formulated by requiring the desired eigenfunctions to have the lowest radiation efficiency possible. Since the controlled eigenfunctions are given as a linear combination of the uncontrolled eigenfunctions, this implies a search for the desired expansion coefficients (Ftn)a in order to achieve this objective.
To compute the radiation efficiency, the ratio of the radiated power to the average mean square velocity of the radiating surface is required. The radiated pressure due to the /th controlled eigenfunction driven harmonically at frequency to can be computed using the modal surface velocity distribution v(x,y)= itoqbl(x,y ) substituted into the Rayleigh integral, 2ø Eq. It should be mentioned that Curiefare 2• developed a similar eigenvalue formulation for obtaining the optimum velocity distribution on a finite beam that minimizes the radiation efficiency of the beam response at a single frequency. It was suggested in this work that the optimum velocity response could be used as the objective function for the design of active control systems. Though similar in concept, the proposed formulation differs markedly from Cunefare's work in a fundamental aspect. Here the formulation searches for controlled eigenfunctions that are weak radiators and that are independent of the frequency.
A. Optimum modal parameters
The expansion coefficients Fin are a function of the unit modal control forces u n , the uncontrolled eigenvalues /.t n , and the controlled eigenvalues Xi, as depicted by Eq. (11).
Thus the unit modal control forces and the controlled eigenvalues can now be determined so they yield the desired expansion coefficients found from the solution of the above eigenproblem. However, the number of expansion coefficients to match is N x (N-1) while there are 2(N-1) design variables, i.e., (N-1) relative modal control forces and (N-1) controlled eigenvalues. Therefore, the desired expansion coefficients can be achieved only in some least-square sense. The controlled eigenvalues X I and modal control forces u n can then be obtained by solving the following least-square constrained minimization problem: 
The optimal modal error so,, and control u n components define completely the control system configuration in the modal domain. The design of the control system in the modal 
The uncontrolled modal far-field pressure distribution in Eq. (27) can now be used to compute the auto-and crossmodal radiation power terms in Eq. (15) . The aim in this control example is to attenuate the total radiated power. Thus the integration of the local intensity is carried out over one half hemisphere, which for convenience is computed numerically.
The modes of a simply supported plate can be collected in four groups which are the odd-odd, even-odd, odd-even, and even-even modes. Solving Eq. (15) shows that the cross-radiation power terms between modes from different groups vanish. This implies that the modes in a group are acoustically uncoupled from the modes of the other groups. Conversely, the only acoustic coupling takes place between modes of the same group. For example, the (1,1), (3,1) , and (1,3) odd-odd modes have nonzero off-diagonal elements. This implies attenuation of sound produced by these modes can be achieved by these modes interacting with each other. In other words the cross-radiated power would balance the direct radiated power. This is the essence of ASAC where sound attenuation can be achieved by restructuring the acoustically efficient modes rather than controlling each one of them. On the other hand, the (1,2) and (3,2) odd-even modes are not acoustically coupled with the odd-odd modes. Thus the radiation over a half-hemisphere due to these modes cannot be canceled by the odd-odd modes. It is evident that for the simply supported plate problem the oddodd, even-odd, odd-even, and even-even modes should be controlled independently. Thus, a control system design should start by careful identification of not only the strongly radiating modes but also of the acoustic coupling.
The applicability of the design formulation is demonstrated for controlling the radiation due to the (1,1), (3,1) , and (1,3) modes with a SISO controller. To this end, it is assumed that these are the only modes excited by both the disturbance and control inputs and observed by the error sensor. This can be expressed mathematically by setting the modal parameters fn, Un, and •n to zero for all modes except the odd-odd ones.
A. Desired controlled eigenfunctions
The first step is the design process is to find the desired controlled system eigenfunctions. The single frequency of 300 Hz was selected to compute the matrices [II ( Table I .
B. Optimum modal parameters
The optimum modal parameters, i.e., modal control and error components, can now be computed. The next step is to find the unit modal control forces u n and controlled eigenvalues h n that yield the desired expansion coefficients of Table I . This is achieved by solving the minimization problem in Eqs. (22) and (23) where the controlled eigenvalues h l are not constrained as in Eq. (23) because the spectrum of the excitation input is white noise. The minimization process was carried out by using the optimization IMSL routine DUNLSF (nonlinear least squares problems), which yielded the optimum unit modal control forces u n shown in Table II and two controlled resonant frequencies at 399 and 700 Hz as shown in Table III Table I . The modal control forces and controlled eigenvalues can now be used in the linear system of equations in Eq. (26) to solve for the modal error components •n; they are given in Table III . The resulting modal parameters listed in Table II define completely the control system. The controller has modified the eigenstructure of the system in such a way that the controlled structure will respond with two weak radiating modes. To illustrate this fact, the radiation efficiency for the three odd-odd uncontrolled eigenfunctions and the two new controlled eigenfunctions was computed and they are plotted in Fig. 2 . This figure shows clearly that the controlled modes have substantially lower radiation efficiency than the uncontrolled modes. It is also very interesting to note that, by (20) for different values of the frequency within the excitation band showed that the desired expansion coefficients did not vary substantially. Even though this is not a general conclusion, this suggests that in the proposed design approach the solution of the modal acoustic field could be efficiently carried out at a small number of frequencies. Since this analysis is the most computational intensive process, the proposed design approach has clear computational benefits over direct optimization methods for complex structures and excitations.
C. Control system performance
The control system is completely defined in the modal domain in terms of the optimal modal parameters in Table II . The performance of the controlled structure can be investigated with these modal parameters alone before physical transducers are devised. The effectiveness of the control system was evaluated for a disturbance input consisting of a point force located at x=O.5L x and y=O.5Ly. To illustrate the dynamic behavior of the plate before and after control, the acceleration response of the plate at the disturbance location was computed. The amplitude is shown in Fig. 3 as a function of the frequency. The dashed line is the uncontrolled response and shows resonant peaks at the frequencies given in Eq. (27). On the other hand, when the control input is applied, the response shows resonance behavior at the fwo controlled resonant frequencies given in Table III . The vibration levels of the controlled structure are slightly lower than the uncontrolled system, i.e., amplitude of the second controlled mode is the same as the (1,1) uncontrolled mode. Similarly, the before-and after-control far field pressure at r = (0 ø,0 ø,4.5Lx) was also computed. The sound pressure level in decibels (dB re: 20 /xPa) is shown in Fig. 4 as a function of the frequency. This figure shows that the sound levels produced by the controlled structure are well below the level generated by the uncontrolled one. This is due to the low radiation efficiency of the controlled modes that re- suits in a weak coupling of the controlled response with the acoustic medium. This phenomenon takes place in spite of the vibration levels being comparable to the uncontrolled response levels. The radiation directivity in the horizontal x-z planes was then computed at selected frequencies and they are shown in Figs. 5 and 6. In all figures, the dashed and continuous lines represent the uncontrolled and controlled sound radiated pressure at a distance of 4.5L x . Figure 5 shows the far-field radiation at 352 Hz, corresponding to the resonance of the uncontrolled (3,1) mode, which shows excellent global reduction. Similar behavior was observed for each of the uncontrolled resonant frequencies. More interesting is to investigate the radiated sound at the controlled system resonance frequencies. Figure 6 shows the far-field radiation at 399 Hz, which is the second resonance of the controlled system. Inspection of this plot demonstrates that even though the response of the plate is very large (because of the resonance) the radiation is not increased significantly. Again this is because the controlled mode has very low radiation efficiency.
To evaluate the overall performance of the control configuration, the sound pressure spectrum was integrated over the bandwidth from 0 to 800 Hz. The integrated spectrum is used to plot the overall radiation directivity in the x-z plane. that yield the optimum modal parameter is not a key aspect of formulation presented here. However, for the sake of completeness and as well as clarity in the presentation, the design of the strain-induced actuator and sensor is presented in the Appendix.
V. CONCLUSIONS
A formulation has been presented for the design of adaptive structures for ASAC applications. The methodology makes use of the fundamental concept that sound radiation can be effectively reduced by changing the overall radiation efficiency of the structure. The formulation also takes advantage of the fact that the feedforward-control system changes the dynamic properties of the structure. The understanding and merging of these two phenomena lead to an efficient method for the design of actuators and sensors. The method is based on the premise that the optimum actuator and sensor will change the eigenstructure of the system such that the controlled response consists of a modal series of weak radiators. The control configuration is first defined in the modal domain by computing the optimum control and error modal parameters. Using this information, the physical actuator and sensor can be then constructed. This particular separation between the modal and physical domain offers the advantage that different transducers and configurations can .be investigated with minimum computational effort. The design approach was illustrated for controlling the odd-odd modes on a simply supported plate problem driven by a point force. A SISO controller was designed and the results show excellent reduction over the whole spectrum. 
